ABSTRACT How to select and optimize the evaluation indicators from many characteristic information to characterize the internal insulation condition of GIS equipment, and establish a scientific technical and economic evaluation model of insulation condition is a huge challenge needs to be addressed urgently. Motived by this purpose, this study simulates the deterioration process of four typical insulation defects in GIS to obtain the information of UHF, ultrasound, and SF 6 decomposition components excited by different degradation stages of each insulating defect simultaneously. Moreover, the operating environment conditions, running time, overhaul times, and the residual value of equipment are taken into account. Using the improved minimum-redundancy-maximum-relevance (mRMR) criterion and genetic algorithm, a comprehensive evaluation index system including the 23 evaluation indicators in three categories is established, which covers the PD hazard, SF 6 insulation performance, equipment running time and environment, and residual value. The research lays a foundation for the later construction and application of multi-source information fusion evaluation model of GIS equipment insulation condition considering economic value.
I. INTRODUCTION
With the extensive use of gas insulated equipment represented by GIS in Ultra/UHV transmission and transformation systems [1] - [3] , ensuring the reliable operation of GIS equipment is crucial for the safe operation of complex and large power grids. According to the statistics of the State Grid in recent years [4] , the total tripping times of the power transmission and transformation equipment of 330kV level and above from 2013 to 2015 are 34 (2013), 28 (2014), and 20 times (2015), of which the proportion of GIS equipment insulation faults are 17.6% (2013), 35.7% (2014), 45% (2015) . Literature [5] reported 180 serious faults in the Norwegian
The associate editor coordinating the review of this manuscript and approving it for publication was Bora Onat. transmission and transformation systems from 1973 to 2009, in which 77 faults were due to GIS insulation flashover, and 4 of them caused the device to burn down. Therefore, the frequent failure caused by the internal insulation defects of GIS equipment has caused great losses to the national economy, especially the insulation deterioration problem of ''old age'' equipment is more protruding, which threatens the safe operation of equipment and power grids. In addition, given the differences in operating environment conditions, running time and residual value of GIS equipment, how to evaluate the technical and economic indicators of the insulation condition scientifically is a hot issue remains unsolved and draws a lot of attentions.
Due to the diversity and the random uncertainty of GIS internal insulation defect, under the partial discharge (PD), it is often accompanied by various physical characteristics, such as electricity, magnetism, light, ultrasound and chemistry. This information can effectively reflect the insulation condition inside the device from different angles. It has become the most effective feature information basis for the internal insulation condition evaluation of GIS equipment, coupled with the great progress and wide application of PD monitoring technology, which provides richer and more reliable characteristic data information for the insulation condition evaluation. Therefore, it is generally believed that the multiple physical characteristics quantities accompanying PD can be used as core indicators for evaluating the GIS insulation condition [6] [7] [8] [9] [10] [11] . Furthermore, if only considering the inherent physical characteristics such as the insulation characteristic parameters of the SF 6 gas, and the difference information of operating environment conditions, running time, overhaul times and residual value of equipment, it is difficult to comprehensively and scientifically evaluate the GIS internal insulation condition without the universal technical and economic comparison considered. Thus, the initial target of evaluating GIS equipment insulation condition is to extract multi-source characteristic information that characterizes the GIS internal insulation condition based on the numerous signals acquired and effectively fuse them. The selection of evaluation index is considered by different weights in order to obtain proper evaluation indicators in three categories, and these evaluation indicators cover the PD hazard, SF 6 insulation performance, equipment running time and environment, and residual value.
The specific research ideas of this paper are shown in Fig. 1 . On the self-built experimental platform, numerous physical characteristics data of ultra-high frequency (UHF), ultrasonic and SF 6 decomposition components excited by different degradation stages of typical insulation defects in GIS are acquired simultaneously. Focusing on the core problem of ''insulation condition characterization and evaluation of multi-source information effective fusion'', the relationship between multi-source characteristic parameters and GIS insulation condition is analyzed from multiple angles by comprehensively using the mutual information and maximum information coefficient analysis means. Then, based on the differences of running time, operating environment conditions, and residual value of equipment, the preliminary index of the evaluation is put forward. The comprehensive index system to characterize the GIS insulation condition evaluation is established by introducing the idea of technical and economic cost comparison. The research lays a foundation for the subsequent weight setting, membership degree determination, and the construction of multi-source information fusion evaluation model of GIS equipment insulation condition considering technical and economic value.
II. EVALUATION OF COMPREHENSIVE INFORMATION DATA ACQUISITION
When a PD occurs inside a GIS device, various physical characteristics can be collected by UHF, ultrasonic and SF 6 decomposition components at the same time, and they have strong correlation with insulation defects. Through analyzing the relevance of these information, using the improved minimum-redundancy-maximum-relevance (mRMR) criteria and genetic algorithm to eliminate redundant information, while considering the influence of SF 6 gas's own insulation characteristic parameters on the acquired physical characteristics data. Combined the necessary information such as the running time, operating environment conditions, and residual value of the equipment, a database of characteristic information that effectively reflects the insulation characteristics and operating conditions can be established, and a comprehensive index system for the scientific evaluation of the GIS insulation condition can be formed.
A. HAZARD DATA OF EQUIPMENT INSULATION
The degree and shape of PD are currently the most commonly used parameters to describe the hazard to the insulation inside the equipment, therefore, multi-source physical characteristic information such as UHF, ultrasonic and SF 6 decomposition components are often used as evaluation data of insulation hazard. To establish a large number of regular insulation hazard assessment databases, it is customary to obtain a large amount of PD experimental data on a typical insulation defect model in a laboratory, and to collect a small amount of actual field insulation fault data for comparing and correcting laboratory data. This paper only describes how to obtain PD data from the laboratory. Fig. 2 shows the PD experimental device and multi-source information acquisition system designed in this paper [1] - [3] . The system can simultaneously acquire experimental data of UHF, ultrasound and SF 6 decomposition components excited by PD. In the figure, the UHF signal sensor has a bandwidth of 340MHz∼440MHz, a center frequency of 390MHz, and a measured passband gain of 5.38dB. The DPO7104C oscilloscope (analog broadband 1GHz, maximum sampling rate 20GS/s, storage depth 48M) collects and stores PD signals. The ultrasonic data acquisition system consists of D9241A resonant sensor (differential output mode, frequency bandwidth 20∼60kHz, center resonant frequency 30kHz, frequency bandwidth 20-180kHz, sensor sensitivity is about 82dB) and preamplifier (operating bandwidth is 20kHz∼1.2MHz, with 20dB/40dB/60dB Manual adjustment gain of three gears). Data acquisition of SF 6 decomposition components is realized by QP-2010Ultra gas chromatography mass spectrometer (GC/MS).
The simulation of internal insulation defects of GIS equipment adopts four typical physical models as shown in Fig. 3 [1] , namely metal protrusion defects (N defects), free metal particle defects (P defects), insulator surface contamination defects (M defects) and insulator air gap defects (G defects). The discharge chamber adopts a cylindrical and circular end cover structure, the maximum permissible pressure is 0.5MPa, and the chamber volume is about 60L. Four insulation defects are placed in the air chamber and the PD simulation experiment is carried out. The UHF signal is obtained by electromagnetic leakage in the tank quartz glass observation window, and the ultrasonic signal is obtained from the tank wall by acoustic vibration. The SF 6 decomposition component is sampled from the side of the tank and quantitatively analyzed by gas chromatography/mass spectrometry (GC/MS).
The defect model is pressurized with the step pressure method. The step pressure method uses electric stress to accelerate the degradation of the defect to simulate the insulation defect PD process in GIS. Table 1 shows the experimental voltage setting.
B. SF 6 GAS INSULATION PROPERTY DATA SF 6 insulating gas micro-water content of on-site GIS equipment is real-time monitored by GE600 mirror dew point-instrument, and the SF 6 gas used in the experiment is measured before and after the experiment. GIS equipment leakage is mainly detected by a barometer installed on the equipment, and real-time monitoring is performed by infrared monitoring technology.
C. OTHER RELEVANT DATA
The ordinary digital temperature sensor is used to real-time monitor the on-site ambient temperature of the GIS equipment and record the ambient temperature while acquiring the test data in the laboratory. Equipment running time and overhaul times are readily available. The residual value of the equipment can be estimated simply by the acquisition cost and the designed service life.
III. FEATURE EXTRACTION OF MULTI-SOURCE STATE INFORMATION A. CLASSIFICATION OF PD SEVERITY
At present, there is no unified criterion for the PD severity. According to the investigation of the actual operation of GIS and the study of the law of the PD development process, the PD severity is divided into three state levels, namely normal S1; attention S2; dangerous S3, as shown in Table 2 . Taking the UHF spectrum changes of metal protrusion defects at 27.3kV, 31.6kV and 36.4kV as examples, it can be seen that the characteristics of PD discharge changes under three state levels, as shown in Fig. 4 . 
B. CHARACTERISTIC QUANTITIES CHARACTERIZING THE PD DEGREE 1) UHF SIGNAL CHARACTERISTIC QUANTITIES
Phase resolved partial discharge (PRPD) mode is a widely used PD signal analysis method. It can analyze the development process of PD by counting discharge times n, discharge quantity q (replaced by pulse amplitude u) and the variation of power frequency phase ϕ, which can describe and distinguish original feature information of different PD degrees. Its validity is generally recognized in the condition monitoring of GIS equipment [11] - [13] . Table 3 describes the original feature parameters of UHF PD in this mode.
Based on the feature parameters of UHF PD in PRPD mode, the Fuzzy c-means clustering algorithm (FCM) integrated in MATLAB is used to cluster the characteristic data under different applied voltages, there are three categories of clustering objectives. The clustering results are shown in Table 4 .
2) ULTRASOUND SIGNAL CHARACTERISTIC QUANTITIES
Literature [14] investigates how to assess the severity of PD using ultrasound information. The research shows that it is reasonable to use the time-domain and frequency-domain characteristics of ultrasonic PD pulses to describe the PD degree. The specific characteristic parameters are shown in Table 5 , in which V 17 -V 21 are the time-domain characteristic signals and V 21 -V 24 are the frequency-domain characteristic signals. In this paper, these parameters are taken as the original characteristic parameters of ultrasound PD information.
3) SF 6 DECOMPOSITION COMPONENT SIGNAL CHARACTERISTIC QUANTITIES
It is well known that PD can decompose SF 6 gas to different degrees. In the actual operation of GIS, components such [15] , [16] . The types and contents of these characteristic components are closely related not only to the type and degree of insulation failure, but also to the generation, development and evolution process of equipment internal failure. In this paper, four characteristic gas ratios of CF 4 , CO 2 , SO 2 F 2 and SOF 2 are selected as characteristic quantities [17] - [19] . Table 6 lists the ratios of all characteristic components, which constitutes the characteristic quantities of SF 6 decomposition components describing the severity of PD.
C. RELEVANCE ANALYSIS OF CHARACTERISTIC QUANTITY OF MULTI-SOURCE PD INFORMATION
Correlation analysis is mainly used to analyze the interdependence between two variables. In this research, the absolute value of Pearson correlation coefficient [20] is selected to judge the correlation between the characteristic VOLUME 7, 2019 quantities.
where f i and f j represent ith and jth eigenvalues respectively, ρ ij represents the Pearson correlation coefficient between the eigenvalues f i and f j , f ik and f jk represent the kth samples of the eigenvalues f i and f j respectively, f i and f j represent the mean values of the sample sequences of the eigenvalues f i and f j respectively.
Pearson correlation coefficient is an indicator to measure whether two variables are linearly correlated in statistics. The closer the Pearson coefficient value calculated by (1) is to 0, the weaker the linearly correlated degree of two parameters is, or the relationship is not linearly correlated. The closer the Pearson coefficient is to 1, the more relevant the two parameters are.
In this section, 24 original features of UHF and ultrasonic PD signals are taken as examples to analyze the correlation of the extracted features V 1 -V 24 . Because there are many data results, only some of the Pearson coefficients with higher or lower correlation are listed here, as shown in Table 7 . Table 7 shows that there are highly correlated characteristic quantities in the characteristic quantities set of homologous PD information, such as the correlation between characteristic quantities V 5 and V 12 in UHF data is as high as 0.9416, and the correlation between characteristic quantities V 23 and V 24 in ultrasound data is as high as 0.8741. There are also significant correlation characteristic quantities between fault features extracted from different sources of PD information, such as the correlation degree between characteristic quantities V 4 of UHF PD data and V 23 of ultrasonic PD data is as high as 0.7675. Therefore, redundant information exists in the original feature information space. In order to diagnose and analyze fault more efficiently, it is necessary to carry out feature extraction research of feature set under multi-source information, reduce redundant information in feature information space, and refine feature set that can better express original PD information.
D. EXTRACTION OF PD SEVERITY FEATURE BASED ON MULTI-SOURCE INFORMATION 1) THE IMPROVED MRMR CRITERION
Minimum-redundancy-maximum-relevance (mRMR) criterion could collect the relationship between characteristic variables and obtain the characteristic parameters set with maximum relevance to the target category. This research draws on the mRMR criterion analysis, and acquires the parameter information which can effectively characterize the PD development.
Mutual information I is the basic metric criteria about information relevance in mRMR criteria. Given two random continuous variables X and Y , if their probability densities are p(x) and p(y), respectively, and their joint probability density is p(x, y), then the mutual information between x and y is defined as follows [21, 22] :
The maximum information coefficient (MIC) [23] , a kind of measurement criterion, is able to weigh the correlation between variables. This parameter can represent the linear and nonlinear relationship between variables, and has high robustness. It could also discovery some functional relationships that are difficult to discover in other correlation analysis metrics. Given this paper has the data base of PD multisource information, the MIC can also be used to define the PD degree and assess the correlation between PD features. The larger the MIC value between the characteristic quantity and the PD degree, the stronger the correlation between them, indicating that the characteristic quantity is a strong related characteristic, which tends to be retained when choosing; on the contrary, the smaller the MIC value, the weaker the correlation, the more likely the characteristic quantity is to be deleted. The MIC value represents the redundancy between the two characteristic quantities. The MIC value is positively correlated with redundancy, and vice versa. If the MIC value is 0, then the two characteristic quantities are mutually independent. Given two random continuous variables X and Y , define the set D ={(x i , y i ), i = 1, 2, . . . n}, divide the range of X and Y into parts x and y, forms a x × y network G, then the MIC is calculated by (3):
where B(n) is the upper limit of x ×y, and B(n) directly adopts n 0.6 in this research since it has the best effect under this value referring to the application of this theory in various fields. The MIC is represented by the merits of the mutual information grid results. M (D) x,y represents a feature matrix composed of the largest normalized mutual information I obtained under different divisions, and satisfies:
where D|G indicates that the data D is divided by the grid G.
Maximum relevance criterion requires that the selected feature set has the maximum relevance to the target category. Minimum redundancy criterion requires minimum redundancy between each other from all features, that is, the minimum correlation among the characteristics in the optimal feature subset is guaranteed. Two criteria are defined as shown in (5) and (6):
min R(S), R = 1
where S is the selected feature subset; |S| is the number of features in S.c is the target category, f i and f i are the ith and jth features respectively. The mRMR criterion combines the maximum relevance and the minimum redundancy. Two operators, 1 and 2 , are commonly used to guide feature selection and optimization. 1 represents mutual information difference, 2 represents mutual information quotient [24, 25] , as shown in (7).
On this basis, the search principle of mRMR criterion is: Assuming that the optimal feature subset is S m . If there exists a feature set S m−1 constituted by m-1 optimal features, the mth characteristic parameter can be calculated by (8) .
where f j is the features of the original feature set, and does not contain the features in S m−1 . This paper uses an improved mRMR criterion to extract characteristic parameters representing PD severity. Compared with the traditional way, there are two main improvements: Firstly, the appropriate correlation measurement is chosen to define the criterion, for example, this research collected the multi-source PD data, in which UHF and ultrasound PD data acquisition cycle is short and data quantity is large, so MIC could be chosen as the measurement criterion about the relevance of information, while SF 6 decomposed component data can directly use mutual information as the measurement criterion about the relevance of information; Secondly, the weight factor α of importance and economy is introduced to adjust the proportion of relevance and redundancy, then (7) can be modified to (9) to form the improved MIDS criterion. The weighting factor α is set to 0.2, 0.4, 0.5, 0.6, 0.8, respectively, and the value with the highest accuracy is selected.
2) FEATURE OPTIMIZATION OF UHF INFORMATION
The total number of samples is 800, of which 600 are training samples and 200 are test samples. Using MIC as the correlation degree measurement criterion, the weight factor α = 0.6, and the UHF PD feature set data under four kinds of PD defects are optimized by the improved MIDS criterion. The ranking results are shown in Table 8 . The 16 feature sets are constituted by number of feature from 1 to 16 according to the feature order in Table 8 . The evaluation accuracy of PD severity is calculated by using support vector machine (SVM) classifier [26] , and compared with the original feature set in Table 4 , as shown in Fig. 5 . The test results show that when the number of optimal feature parameter sets is 9, the effect of evaluation is close to that of the original feature set. Therefore, the feature optimization ranking obtained by the feature optimization scheme in this paper can effectively eliminate redundant information and improve the efficiency of the classifier, and the selected optimal feature subset can get higher recognition accuracy.
3) FEATURE OPTIMIZATION OF ULTRASOUND INFORMATION
Using MIC as the correlation degree measurement criterion, the weight factor α = 0.4, and the ultrasonic PD feature VOLUME 7, 2019 set data under four kinds of PD defects are optimized by the improved MIDS criterion. The ranking results are shown in Table 9 . Similarly, the evaluation results are shown in Fig. 6 . It can be seen that when the optimal feature number of four defects is 4, the evaluation accuracy has reached that of the total feature set. Therefore, feature optimization can achieve better evaluation effect on the basis of reducing the amount of calculation.
4) FEATURE OPTIMIZATION OF SF6 DECOMPOSITION COMPONENT INFORMATION
Using I as the correlation degree measurement criterion, the weight factor α = 0.5, and the SF 6 decomposition component feature set data under four PD defects are optimized by the standard mRMR criterion. The ranking results are shown in Table 10 . Similarly, the effect of evaluation is shown in Fig. 7 . From the global aspect, the optimizing characteristic quantity can earlier give full play to the effectiveness of evaluation.
IV. THE CONSTRUCTION OF GIS EQUIPMENT INSULATION CONDITION EVALUATION INDEX SYSTEM
The PD information is the important reference to evaluate the severity of insulation defects in GIS, while the insulating property of SF 6 is an important indicator reflecting the insulation ageing. At the same time, the running environment, operating time and economic value are also important indicators which cannot be neglected for the accurate evaluation of insulation condition. Summarizing the current research on monitoring information of GIS insulation condition, the relatively complete information to characterize the insulation condition in GIS mainly includes: 1) PD hazard information. This part mainly uses PD information to judge the PD severity; 2) SF 6 gas insulation performance information. This part of information is mainly used to judge the insulation performance of SF 6 gas itself.
A. THE EVALUATION INDEX OF PD HAZARD INFORMATION 1) THE EVALUATION INDEX BASED ON UHF PD SOURCE INFORMATION
The features optimization in Section 3 shows that different feature sets have different effects of evaluation according to different insulation defects in GIS, and each insulation defect corresponds to an optimal evaluation parameter set. However, in the process of building the evaluation model about practical insulation condition in GIS, if a set of evaluation index system is established for each insulation fault, it will be very tedious in the site implementation. In order to ensure the universality of the index system and facilitate the construction of evaluation methods which is suitable for the practical engineering application in the later stage, it is necessary to establish a unified evaluation index system. Therefore, on the basis of features optimization, the characteristic quantities in the optimal characteristic set of four typical insulation defects need to be compared, in order to select a unified evaluation index system, which can achieve better evaluation results in the evaluation of the PD severity about four insulation defects. Given there are many combinations of the optimal evaluation parameter sets about four defects in UHF PRPD mode, this section uses genetic algorithm to search for the optimal evaluation parameter sets, and to select iteration [27] . After further comprehensive selection of evaluation index by genetic algorithm, finally{V 1 Table 4 is selected as the GIS evaluation index of UHF PD, whose information meaning is: {The skewness of positive half-cycle, negative half-cycle and whole power frequency cycle, the discharge time and the amplitude ratio of positive half cycle and the negative half period, and the positive and negative half-cycle cross-correlation coefficient}. It can be seen that the characteristic information representing the difference about discharges of positive and negative half-cycle in UHF data plays a leading role in evaluating the PD hazard information.
2) THE EVALUATION INDEX BASED ON ULTRASONIC PD SOURCE INFORMATION
Given there are only eight original definitions of characteristic parameters about PD severity in ultrasound source information, the number of characteristic parameters is relatively small. And compared with UHF PD characteristic parameters, the research of optimization of PD severity evaluation parameters of ultrasound source information shows that the feature parameters of frequency domain are more advantageous than several profile parameters of time domain in characterizing PD severity. Therefore, the frequency domain characteristics {V 22 : maximum power spectrum, V 23 : median frequency, V 24 : average power frequency} in Table 5 could be directly selected as the evaluation index of ultrasound information source.
3) THE EVALUATION INDEX BASED ON SF6 DECOMPOSITION COMPONENTS OF PD SOURCE INFORMATION
The evaluation index of SF 6 decomposition component information is selected according to the characteristic quantities chosen by mRMR criterion. Among the four types of defects in the evaluation of PD severity, the better characteristics of the content ratio shown in Table 6 are {V 25 : c(CF 4 )/c(CO 2 ), V 28 : c(CO 2 )/c(SO 2 F 2 ), V 30 : c(SO 2 F 2 )/c(SOF 2 ), V 31 : c(CF 4 +CO 2 )/c(SO 2 F 2 +SOF 2 )}. Therefore, the monitoring information of the gas decomposition component directly takes the four content ratios as evaluation index.
B. THE EVALUATION INDEX OF SF 6 GAS INSULATION PROPERTY
The detection of SF 6 gas insulation property is mostly carried out around preventive tests. The main index which is related to the gas insulation property includes:
1) The micro-moisture content of SF 6 gas {V 32 } Water vapor will inevitably be mixed into the equipment when it is ventilated. At the same time, the insulation material inside the equipment may also release moisture. Water vapor in the GIS equipment greatly affects the gas insulation property and reduces the electrical performance of the equipment. Therefore, the micro-water content can be used as one of the evaluation index. 2) Leakage value of SF 6 gas {V 33 } SF 6 gas leakage in GIS equipment is a common problem in operation, which will lead to SF 6 gas density decreasing, air pressure decreasing and insulation property weakening. Gas leakage value is the characterization of insulation density and pressure in GIS equipment. It is undoubtedly an indispensable index for evaluating SF 6 gas insulation property [9] .
C. OTHER RELEVANT EVALUATION INDEX OF GIS EQUIPMENT INSULATION
The running environment, running time and surplus economic value of GIS equipment are also closely related to the comprehensive evaluation of insulation condition.
1) Ambient temperature {V 34 } The ambient temperature {V 34 } around the equipment sometimes varies greatly, which has a great influence on the monitoring data of the internal insulation condition in the equipment. In order to make the fault diagnosis results universal, it is necessary to correct the temperature effect of insulation monitoring data. In addition, because GIS operates in a fully-closed state, the influence of humidity and altitude on the internal insulation of equipment can be ignored. where the net salvage value rate of fixed assets is generally between 3% and 5%, while the depreciation year is determined according to the type of fixed assets, equipment running environment and actual conditions.
D. THE COMPREHENSIVE EVALUATION INDEX SYSTEM FOR GIS INSULATION CONDITION
Finally, a comprehensive index system of evaluating about 23 kinds of insulation condition is formed as shown in Fig. 8 , which covers three categories, including the PD hazard, SF 6 gas insulation property and environmental, time and economic value. It lays a foundation for the construction and application of the multi-source information fusion evaluation model for the GIS insulation condition considering economic value.
V. CONCLUSION
1) This paper simulates the deterioration process of four typical insulation defects in GIS. UHF, ultrasound and SF 6 decomposition component information of each insulation defect at different deterioration stages are acquired synchronously. Through Pearson correlation coefficient, it is found that there is a certain correlation between the characteristic quantities under different types of information. 2) The relationship between multi-source characteristic parameters and insulation condition in GIS is analyzed from multiple angles by means of comprehensive applying mutual information and maximum information coefficient, and using the weight factor to refine correlation and redundancy. By extracting the characteristic quantities of UHF, ultrasound and SF 6 decomposition components which characterize the PD state, these multi-source characteristic quantities are optimized with the improved mRMR criterion. 3) Considering the differences of operation conditions, running time, overhaul times and surplus economic use value of GIS equipment, a comprehensive index system of insulation condition evaluation covering the characterization of PD hazard, SF 6 insulating property, running time, environment, and residual value is optimized by using the improved mRMR criterion and genetic algorithm. It lays a foundation for the construction of multi-source information fusion evaluation model of insulation status of GIS equipment considering economic value. He is currently a Professor with Wuhan University. He is involved in the online monitoring and fault diagnosis of HV electric equipment insulation. VOLUME 7, 2019 
